The objective of this study was to assess the impact of the filtration method (in situ vs. ex situ ) on the dissolved/particulate partitioning of 12 elements in hydrothermal samples collected from the Lucky Strike vent field (Mid-Atlantic Ridge; MAR). To do so, dissolved (<0.45 µm) and particulate Mg, Li, Mn, U, V, As, Ba, Fe, Zn, Cd, Pb and Cu were measured using different techniques (HR-ICP-MS, ICP-AES and CCSA). Using in situ filtration as a baseline, we showed that ex situ filtration (on-board and on shore after freezing) resulted in an underestimation of the dissolved pool, which was counterbalanced by an overestimation of the particulate pool for almost all the elements studied. We also showed that on-board filtration was acceptable for the assessment of dissolved and particulate Mn, Mg, Li and U for which the measurement bias for the dissolved fraction did not exceed 3%. However, in situ filtration appeared necessary for the accurate assessment of the dissolved and particulate concentrations of V, As, Fe, Zn, Ba, Cd, Pb and Cu. In the case of Fe, on-board filtration underestimated the dissolved pool by up to 96%. Laboratory filtration (after freezing) resulted in a large bias in the dissolved and particulate concentrations, unambiguously discounting this filtration method for deep-sea chemical speciation studies. We discuss our results in light of the precipitation processes that can potentially affect the accuracy of ex situ filtration methods.
Introduction

37
Assessing the behavior of trace metals is essential for understanding the link between metal 38 composition and the distribution of deep-sea hydrothermal fauna (Sarradin et al. 2008) . Some 39 studies have suggested that local biological assemblages are partly controlled by geochemical 40 conditions, including trace metal speciation along the hydrothermal fluid-seawater mixing 41 gradient (Shank et al. 1998; Luther et al. 2001) . The hydrothermal mixing gradient can be 42 schematically split up into three areas: the "anoxic zone" (hot fluid), the "mixing zone", 43 characterized by steep chemical gradients (Johnson et al. 1986; Le Bris et al. 2003) when hot, 44 reduced hydrothermal fluid mixes with cold, oxidized seawater, and the "oxic zone" (cold 45 seawater). 46
Substantial efforts have been devoted to understanding the physico-chemical behavior of 47 metal in these different areas. Previous studies assessing the dissolved metal input from 48 hydrothermal vents have focused on the non-buoyant plume (Bennett et al. 2008) , whereas 49 others have evaluated total dissolvable metal levels in endmember hydrothermal fluids 50 (Charlou et al. 2000) . Still other studies have considered the chemical composition of 51 particles German et al. 2002) and their kinetics of formation (Rudnicki and 52 Elderfield 1993) , focusing on the buoyant and/or the non-buoyant plume of high-temperature 53 black smokers. In the mixing zone, secondary reactions of complexation between dissolved 54 metal and organic metal-binding ligands may influence the chemical speciation of metal, and 55 compete with sulfide precipitation (Sander et al. 2007; Toner et al. 2009; Yücel et al. 2011; 56 Hawkes et al. 2013) , potentially increasing the dissolved metal flux in the deep ocean (Sander 57 and Koschinsky 2011) . 58
Metal behavior in the mixing zone is still poorly documented despite its significant impact 59 on metal speciation, and data are still lacking in this specific environment (Von Damm et al. 60 1985; Field and Sherrell 2000; Kádár et al. 2005; Sander et al. 2007; Sarradin et al. 2008; 61 Filtration blanks were also run in the laboratory. Aliquots and filters were stored in 500 mL 135 Nalgene HDPE bottles and polystyrene petri-slides (Millipore), respectively. HDPE bottles 136 and petri-slides were previously washed with diluted nitric acid (2.5%, Suprapur, Merck) 137 overnight and then thoroughly rinsed with ultrapure water. Petri-slides were dried under a 138 laminar flow hood. 139 140
Analysis of the dissolved fraction
141
Concentrations of Mn, Li, U, V, As, Ba, Fe and Zn were assessed by high-resolution 142 inductively coupled plasma/mass spectrometry (HR-ICP-MS, Element 2, ThermoFisher, 143 operating at the Pôle Spectrométrie Océan (PSO), Brest). Standards and samples were 144 prepared in 15 mL polypropylene tubes (Elkay), which were pre-cleaned using the same 145 protocol as for the HDPE bottles. The analysis of the dissolved fraction was performed after 146 dilution of the samples in a 2.5% nitric acid solution (dilution factor: 20). Standards of 147 dissolved elements were carried out in a solution of seawater depleted of trace metals (Safe-148 S, Geotraces reference sample, 2004), and diluted 20-fold in a 2.5% nitric acid solution to 149 match the saline matrix of the dissolved samples. These standards were then spiked with a 150 multi-element solution (AccuStandard; 29 elements; 10 mg.L -1 ). Measurement of Mg 151 concentration was performed using inductively coupled plasma/atomic emission spectrometry 152 (ICP-AES, Ultima 2, Horiba Jobin Yvon, at the PSO in Brest) and specific standards were 153 prepared by diluting decreasing volumes of the Safe-S seawater ([Mg] = 53.0 mmol.L -1 ) in a 154 2.5% nitric acid solution. Aliquots of acidified seawater (pH2, HCl Suprapur, Merck) were 155 used for the measurement of dissolved Cd, Pb and Cu by constant current stripping analysis 156 (CCSA) with a mercury film electrode (Riso et al. 1997) . To check the accuracy of the 157 method, certified seawater (CRM-CASS 4) was analyzed. The detection limits were 158 determined by three standard deviations of the blank and summarized in Table 1. In our  159 samples, the dissolved elements were generally well above the limit of detection (LOD) (Mn, 160 Li, U, V, As, Ba, Cd and Pb) except for Cu, Fe and Zn because some samples were collected 161 close to the marine endmember of the gradient and displayed very low concentrations. For 162 ICP-MS measurements, signal drift was assessed and corrected using a standard bracketing 163 approach (one standard every five samples). Blanks were negligible when compared to the 164 dissolved concentrations because they were below the LOD for all the studied elements. 165
Dissolved elements were determined with a precision generally better than 0.5% (Mg), 2.5% 166 (Mn), 4% (Li, U, Ba) or 5% (V). Cd, Pb and Cu levels were assessed with a precision 167 generally better than 4, 3 and 8%, respectively. Due to their low concentrations, Fe, Zn and 168
As had measurement precisions of 18%, 15% and 27%, respectively. 169 170
Analysis of the particulate fraction
171
Particulate elemental concentrations were assessed by HR-ICP-MS (Element 2, 172
ThermoFisher, operating at the PSO, Brest). The particulate fraction was available after 173 digestion of the entire filter in 4 mL of nitric acid (65%, Suprapur, Merck) and 1 mL of 174 hydrogen peroxide (30%, Suprapur, Merck), by heating to 105°C for 4 h. This acid digestion 175 procedure provides concentrations similar to those of the total digestion method (HNO3/HF), 176 except for Al (Yafa and Farmer 2006) . The use of HF is generally recommended to 177 completely solubilize elements present in resistant minerals, such as aluminosilicates. As 178 hydrothermal particles are mostly made up of soluble sulfide and oxide minerals (Mottl and 179 McConachy 1990; Breier et al. 2012) that are relatively well digested with the acid digestion 180 procedure, we did not use HF. Instead, hydrogen peroxide was added to provide better 181 oxidization of particles and to limit the formation of nitrogen dioxide. The evaporation loss 182 during the digestion was checked using the gravimetric method. Certified reference material 183 (PACS-2, NRCC) was used to check digestion efficiency. Concentrations, recoveries and 184 uncertainties obtained for the PACS-2 samples are summarized in Table 2 . The percentage of 185 recovery was generally high for As, Fe, Zn, Cd, Pb and Cu (> 70%), indicating an almost 186 complete digestion of particles. The remaining elements showed a lower extraction efficiency 187 (> 50%) because they were probably bound to more resistant minerals such as 188 aluminosilicates. Given that the amount of aluminosilicates was probably limited in our 189 hydrothermal samples, the digestion procedure that we used should be sufficient to correctly 190 solubilize the elements. 191 16.08 µM (seawater: ~ 0.5 nM at 1700 m depth, (Yeats et al. 1992) ). Based on the 204 conservative mixing behavior of Mn (James and Elderfield 1996) 
Mn, Mg and Li 231
The in situ concentrations of dissolved Mn ranged from 0.12 to 14.12 µM. Similar dissolved 232 levels were measured after on-board and laboratory filtration, ranging from 0.02 to 16.08 µM 233 and from 0.12 to 15.45 µM, respectively (Table 1) . Particulate concentrations generally 234 remained below 0.02 µM (LOD) when performing in situ and on-board filtration, except for 235 the sample 505-04-E2-OB whose particulate Mn was three times greater than the LOD. 236
However, most samples filtered after freezing (6/9) showed particulate concentrations that 237 were 2 to 45 times greater than the LOD (Table 1 ). The increase in the particulate pool 238 observed should therefore be offset by a decrease in the dissolved concentrations, with the 239 total metal concentrations remaining constant. The underestimation of the dissolved pool was 240 clearly observed when plotting the dissolved/particulate partitioning of Mn, especially after 241 freezing (Fig. 2) . Compared with in situ conditions in which dissolved Mn accounted for more 242 than 99% of total Mn, the contribution of dissolved Mn was lower after on-board filtration, 243 being decreased by of 0.0 to 3.0%. In samples filtered after freezing, the contribution of 244 dissolved Mn was underestimated by 0.0 to 7.0%. 245
The in situ concentrations of dissolved Mg ranged from 46.7 to 50.6 mM and similar levels 246
were measured with the other filtration methods (Table 1) . The in situ concentrations of 247 particulate Mg ranged from 21 to 42 µM. Although similar concentrations were found with 248 on-board filtration (26 to 56 µM), particulate concentrations of Mg were clearly higher after 249 laboratory filtration (33 to 205 µM). 250
The in situ concentrations of dissolved Li ranged from 24.8 to 41.5 µM ( Table 1) . As for 251 dissolved Mg, similar levels were found with on-board and laboratory filtration methods, 252 ranging from 26.7 to 46.3 µM and from 26.7 to 45.2 µM, respectively. Particulate 253 concentrations of Li were generally below the LOD except for five samples filtered in the 254 laboratory, which were up to five times greater than the LOD. 255
The dissolved/particulate partitioning of Mg and Li generally changed little with the ex situ 256 filtration methods (Fig. 2) . Compared to in situ conditions in which dissolved Mg and Li 257 accounted for more than 99.9% of total Mg and Li, the contribution of dissolved Mg and Li 258 after on-board filtration was underestimated by only 0.0 to 0.1% and 0.0 to 0.5%, 259 respectively. After freezing, the underestimation increased up to 0.3% and 4.0% for dissolved 260
Mg and Li, respectively. 261 262
U, V and As 263
The in situ concentrations of dissolved U, V and As ranged from 0.010 to 0.014 µM, 264 0.025 to 0.031 µM and 0.03 to 0.04 µM, respectively (Table 1) . Very similar concentrations 265 were obtained after on-board or laboratory filtration, indicating limited differences at first 266 glance. 267
Particulate concentrations of U, V and As were generally below the LOD for in situ and on-268 board filtration methods, with the exception of sample 505-04-E2-OB in which particulate V 269 and As were two and three times greater than the LOD, respectively. However, for most 270 samples filtered in the laboratory (6/9), particulate concentrations of U and V were up to 271 seven and four times greater than the LOD, respectively. A similar trend was observed for 272 particulate As, which was 2 to 14 times greater than the LOD after freezing in three of the 273 nine samples. 274
The dissolved/particulate partitioning of U, V and As also appeared to be affected by ex situ 275 filtration (Fig. 2) . Compared to in situ conditions in which dissolved U, V and As accounted 276 for more than 99%, 96% and 80% of total U, V and As, the contribution of these dissolved 277 elements after on-board filtration was underestimated by 0.0 to 0.4%, 0.0 to 10% and 278 2.0 to 30%, respectively. For samples filtered after freezing, the contribution of dissolved U, 279 V and As was decreased by 0.0 to 30%, 0.0 to 20% and 0.0 to 80%, respectively. 280 281
Fe, Zn and Ba 282
The in situ concentrations of dissolved Fe ranged from < LOD to 7.46 µM (Table 1) . Samples 283 collected at temperatures greater than 10°C showed micromolar concentrations (> 3 µM). In 284 this hotter part of the mixing gradient, the dissolved concentrations were much lower for 285 samples filtered on-board and after freezing. They were generally lower than 1 µM after on-286 board filtration and below the LOD after freezing. 287
The in situ concentrations of dissolved Zn ranged from 0.64 to 1.23 µM ( Table 1) . As 288 observed for dissolved Fe, concentrations of dissolved Zn measured in Mn-rich samples 289 (MnT > ~ 5 µM) dramatically decreased after ex situ filtration. Although concentrations near 290 1 µM were measured for samples filtered in situ, levels of dissolved Zn found in those filtered 291 on board and after freezing became close to or below the LOD (0.1 µM). 292
The in situ concentrations of dissolved Ba ranged from 0.11 to 3.57 µM (Table 1) . Although 293 the decrease in the dissolved concentrations was initially less obvious, concentrations were 294 lower after on-board and laboratory filtration (0.06 to 2.36 µM and 295 0.06 to 1.89 µM, respectively). 296
The in situ concentrations of particulate Fe, Zn and Ba ranged from < LOD to 1.62 µM, 297 < LOD to 3.42 µM and < LOD to 1.39 µM, respectively. Due to the decrease in the dissolved 298 fraction, the particulate concentrations increased in ex situ filtration, especially for Fe and Zn. 299
Particulate concentrations of Fe and Zn after on-board filtration ranged from 300 < LOD to 11.9 µM (mean: 2.6 µM) and from < LOD to 40.1 µM (mean: 5.8 µM), 301 respectively. For samples filtered after freezing, concentration ranges were wider because 302 particulate Fe and Zn ranged from < LOD to 92.2 µM (mean: 15.9 µM) and from 303 0.14 to 140 µM (mean: 16.6 µM), respectively. The increase in particulate Ba was restricted: 304 concentrations after on-board and laboratory filtration ranged from < LOD to 2.02 µM and 305 from < LOD to 4.94 µM, respectively. 306
These changes in dissolved and particulate Ba, Fe and Zn after ex situ filtration were also 307 clearly observed in 
Cd, Pb and Cu 317
The in situ concentrations of dissolved and particulate Cd, Pb and Cu were observed at 318 subnanomolar to nanomolar levels. The in situ concentrations and those measured after ex situ 319 filtration were generally close to the LOD, indicating that modifications in the dissolved and 320 particulate phases were difficult to assess. The only exception was for concentrations of 321 dissolved Pb, for which a significant decrease of almost one order of magnitude was observed 322 for on-board and laboratory filtration (Table 1) . 323
Our data also indicated that the dissolved/particulate partitioning changed with ex situ 324 filtration. For samples filtered in situ, the contribution of the dissolved fraction tended to 325 increase with the dilution of the hydrothermal fluid, reaching a maximum level at the lowest 326
MnT levels (Fig. 2) . The increase ranged from few percentage points at 327 MnT = 14 µM to ~ 90%, ~ 25% and ~ 20% at MnT = 0.12 µM for Cd, Pb and Cu, respectively. we inventory the elements that can be properly assessed using ex situ -shipboard or 336 laboratory -filtration methods. We then discuss the chemical processes that may explain the 337 observed biases. 338 339
Which elements require in situ filtration?
340
Of the three filtration methods performed, the in situ method is of course the best one for 341 obtaining representative data on metal chemistry in the deep-sea environment. The degree of 342 sensitivity of the dissolved and particulate pools of each sample after ex situ filtration was 343 therefore assessed using the in situ filtration as a baseline. Many laboratories perform on-344 board filtration to assess metal concentrations, requiring a study of its suitability for properly 345 characterizing the dissolved and particulate phases. Although rarely used, filtration after 346 freezing was also interesting to investigate because it can serve as an extreme example of the 347 bias caused by freezing and delayed filtration. 348
In samples filtered on board, our results show that dissolved Mn, Mg, Li and U were the 349 least affected of all the elements studied: the underestimation of the dissolved phase did not 350 exceed 3%. Hence, dissolved concentrations of Mn, Mg, Li, and U were not significantly 351 affected by the on-board filtration method, which thus appears suitable for properly 352 characterizing the dissolved pool of these four elements. Particulate concentrations after on-353 board filtration obtained for Mg were generally similar to the in situ concentrations and 354 generally remained below the LOD for Mn, Li and U (Table 1 ). This pattern suggests that 355 modifications of the particulate pool for these elements are only slight, although more precise 356 quantification of the particulate concentrations is required for confirmation. 357
For V and As, limited changes occurred after on-board filtration, but our results showed that 358 the contribution of the dissolved concentrations can decrease by 10% and 30%, respectively. 359
The observed underestimation was mainly driven by the single, aforementioned particle-rich 360 sample (505-04-E2-OB), explaining both maximum percentages observed. Without the 361 influence of this outlier sample, dissolved V and As after the on-board filtration would be 362 underestimated by up to ~ 5% and ~ 15%, respectively (Fig. 2) . Given these relatively high 363 percentages, the in situ filtration method is preferable for these two elements. 364
The most affected elements were Fe, Zn, and Ba (Fig. 2) . For some samples filtered on board, 365 the dissolved phase had mostly converted into particles (e.g. Zn), which greatly distorted the 366 initial dissolved/particulate partitioning of these elements. As mentioned above for V and As, 367 the underestimation of dissolved Fe and Ba observed can be attributed to the outlier sample 368 505-04-E2-OB. However, the percentages of underestimation still remain high even without 369 its influence, with underestimation ranging from a few percent to ~ 30% and ~ 96%, 370 respectively (Fig. 2) . Consequently, the routine use of the in situ filtration method is strongly 371 recommended for the accurate quantification of the dissolved and particulate phases of these 372 three elements. 373
Regarding dissolved and particulate Cd, Pb and Cu, results are less conclusive although they 374 suggest that shipboard filtration underestimates the dissolved phase (Table 1, Fig. 2 ). This 375 underestimation was clear for dissolved Pb concentrations, which were significantly lower 376 compared with in situ filtered samples. The dissolved/particulate partitioning of Cd and Pb 377 also showed that the contribution of the dissolved pool after on-board filtration was lower in 378 the cold part of the mixing gradient (Fig. 2) . As a precaution, in situ filtration should therefore 379 be preferred for proper assessment of these three elements. 380
Filtration after freezing causes a large bias in the dissolved and particulate concentrations for 381 all the elements studied (Fig. 2) . Therefore, this filtration method is definitely not 382 recommended. 383 384
On the processes occurring in ex situ filtration
385
As the decrease in the dissolved fraction was generally counterbalanced by an increase of the 386 particulate fraction, most of the changes occurring during ex situ filtration can be attributed to 387 various precipitation/scavenging processes. Unfortunately, adsorption of the elements onto the 388 blood bags or the bottle walls cannot be fully excluded. This type of adsorption has been 389 demonstrated for several elements in natural waters (Truitt and Weber 1979) . However, the 390 relatively low pH of our samples, combined with the rapidity with which the on-board 391 filtration was carried out after retrieval (< 2 h) and the storage of filtered samples in acid-392 cleaned PVC bags or HDPE bottles, should limit losses due to adsorption (Batley and Gardner 393 1977) . 394
To better understand precipitation/scavenging processes, correlations between all 395 particulate elements were investigated and are summarized in Table 3 . The statistically 396 significant correlations (p-value < 0.05) discriminate two main groups of highly correlated 397 elements. The first one groups particulate Mn, Li, U, V, As, Ba and Fe, whereas the second 398 one is composed of Cd, Pb, Cu and Zn. Other sub-groups were also involved but correlations, 399 though statistically significant, were less pronounced (Table 3) . Here, we only focus on the 400 two aforementioned groups. 401
The high positive correlations between particulate Mn, Li, U, V, As, Ba and Fe suggest 402 that dissolved Mn, Li, U, V, As and Ba may have been primarily scavenged by Fe-oxide 403 particles during the ex situ filtration process. Dissolved Fe levels from hydrothermal vents can 404 be affected by two chemical precipitation processes: entrapment by sulfide particles and 405 formation of Fe-oxyhydroxides (Mottl and McConachy 1990; Rudnicki and Elderfield 1993) . 406
The co-precipitation of Fe(II) in polymetallic sulfide phases occurs immediately upon fluid 407 discharge, whereas Fe-oxide particles are formed later in more oxidizing conditions (Rudnicki 408 and Elderfield 1993). Each precipitation process has been suggested to account for 80-90% 409 and 10-20% of dissolved Fe removal, respectively (German et al. 2002) . Once formed, small 410 Fe-rich sulfide particles are exported in the buoyant and neutrally buoyant plume (Yücel et al. 411 2011; Breier et al. 2012) , showing that reduced and oxidized particles can coexist in the 412 diluted plume. This two-stage precipitation process occurs in hot focused black smokers 413 where sulfides are abundant. However, our samples come from an intermediate-temperature 414 vent that emits a colorless and translucent mixture of hot hydrothermal fluid (~ 70°C) and 415 cold seawater. Given that the first part of mixing probably occurs in the shallow crust, most of 416 the sulfides would have precipitated in the subsurface. The large underestimations of 417 dissolved Fe observed throughout the ex situ filtration process should therefore mainly come 418 from oxidative precipitation such as Fe-oxyhydroxide formation. Our samples may thus be 419 made up of pre-existing Fe-oxide particles that formed before sampling, but also of newly 420
formed Fe-oxides that may have precipitated post-sampling. 421
Away from vent sources, dissolved Mn is commonly known to undergo slow scavenging 422 processes by suspended particles (Cowen et al. 1990; Feely et al. 1994) , which are enhanced 423 by Mn(II)-oxidizing bacteria (Mandernack and Tebo 1993) . German et al. (1991) also 424 observed a correlation (r 2 = 0.610) between particulate Mn and Fe in the diluted plume, 425 suggesting progressive scavenging of dissolved Mn onto Fe-rich particulate phases, which are 426 mainly Fe-oxyhydroxide particles. Dissolved Ba has been suggested to undergone similar 427 scavenging processes as those reported for dissolved Mn . This element 428 could therefore be scavenged by Fe-oxyhydroxide particles. 429
Other precipitation processes not revealed by the correlations may explain the modifications 430 of the dissolved and particulate pool observed for Mn and Ba. Regarding Mn, precipitation of 431 MnO2 may occur in our samples, assuming that oxygen levels increased slightly during ex situ 432 filtration. In the case of Ba, precipitation of barite may occur because our samples are a 433 mixture of fluid and entrained sulfate-rich seawater (Charlou et al. 2000) . 434
As observed for Mn and Ba, scavenging processes from seawater enhanced by physico-435 chemical changes (T, p, O2) during retrieval and freezing/defrosting of samples may explain 436 the changes in phase distribution observed for U, V and As. Previous studies have highlighted 437 pronounced linear correlations of particulate U, V and As with particulate Fe, suggesting that 438 Fe-oxyhydroxide particles rapidly scavenge dissolved U, V and As from the seawater 439 (German et al. 1991; Feely et al. 1994; Kadko et al. 1994; Breier et al. 2012) . 440
The high correlations between particulate Zn, Cd, Pb, and Cu suggest that Cd, Pb and Cu 441 precipitated in a wurtzite or sphalerite phase. This supposition is supported by previous 442 reports of the formation of Cd, Pb, Cu and Zn precipitates in sulfide minerals, suggesting a 443 co-precipitation of dissolved Cd, Pb, Cu and Zn directly from vent fluids (Trocine and Trefry 444 1988; German et al. 1991; Sarradin et al. 2008; Breier et al. 2012) . 445
In addition, nanoparticle aggregation mechanisms, such as flocculation, may explain the 446 observed changes in the dissolved and particulate pools. Recent studies on particle 447 morphology all observed a natural aggregation of particles in their in situ hydrothermal 448 samples (Breier et al. 2012; Toner et al. 2012) . If there is a limited artefact of in situ filtration 449 on the aggregation mechanism (Breier et al. 2012) Table 1 . Dissolved and particulate concentrations measured in the 26 samples with their associated limits of detection (LOD). D refers to dissolved concentration (<0.45µm), P to particulate concentration. IS: in situ filtration, OB: on-board filtration (after retrieval) and LF: laboratory filtration (after freezing). Sample name is composed of the number of the dive (e.g. 502-01) and the number of the blood bag used for sampling (e.g. A1). Samples are classified according to the filtration method used (gray-scale) and by ascending MnT concentration. *Dissolved Cd, Pb and Cu were at nanomolar levels. Table 3 . Correlation coefficients between particulate concentrations of all the elements studied (12 variables analyzed). All samples were included except 505-04-E2 whose large concentration in particles would introduce substantial bias. Statistically significant correlations are shown in gray (p-value < 0.05). There are two main groups of highly correlated elements: 1) particulate Mn, Li, U, V, As, Ba and Fe; 2) Cd, Pb, Cu and Zn. There are also four smaller groups with less pronounced correlations, though statistically significant: 1) particulate Mg, Li, V and Cu; 2) Ba, Zn, Cd and Cu; 3) As, Zn and Cd; 4) V and Zn. 
MnP
